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1. INTRODUCTION {#ccd27953-sec-0006}
===============

Catheter‐base renal denervation (RDN) with radiofrequency (RF) has been used recently as an anti‐hypertensive treatment option.[1](#ccd27953-bib-0001){ref-type="ref"} Since RDN failed to meet a primary efficacy endpoint of lowering blood pressure in the SYMPLICITY HTN‐3 trial,[2](#ccd27953-bib-0002){ref-type="ref"} clinical interest in RDN has predominantly focused on enhancing efficacy rather than confirming safety.[1](#ccd27953-bib-0001){ref-type="ref"}, [3](#ccd27953-bib-0003){ref-type="ref"}, [4](#ccd27953-bib-0004){ref-type="ref"} Importantly, a recent anatomical study showed that the renal sympathetic nerve fibers are distributed closer to the lumen in branch renal arteries (RAs) compared with the main RA,[5](#ccd27953-bib-0005){ref-type="ref"} suggesting that RDN that includes the branch RA may ablate more sympathetic nerves than RDN on the main RA alone.[6](#ccd27953-bib-0006){ref-type="ref"} This hypothesis was supported in recent animal and clinical studies including the blinded, randomized, sham‐controlled SPYRAL HTN‐OFF MED and ON MED trials.[7](#ccd27953-bib-0007){ref-type="ref"}, [8](#ccd27953-bib-0008){ref-type="ref"}, [9](#ccd27953-bib-0009){ref-type="ref"}, [10](#ccd27953-bib-0010){ref-type="ref"}, [11](#ccd27953-bib-0011){ref-type="ref"}, [12](#ccd27953-bib-0012){ref-type="ref"}, [13](#ccd27953-bib-0013){ref-type="ref"}, [14](#ccd27953-bib-0014){ref-type="ref"} Direct comparison studies in animals and humans clearly confirmed greater efficacy in RDN on both branch and main RA compared with RDN on main RA alone.[7](#ccd27953-bib-0007){ref-type="ref"}, [8](#ccd27953-bib-0008){ref-type="ref"}, [9](#ccd27953-bib-0009){ref-type="ref"}, [10](#ccd27953-bib-0010){ref-type="ref"} Therefore, branch RA is expected to become the treatment site of choice for RF‐based RDN.

The safety of RF‐RDN on the main RA has been confirmed in \>1,000 patients,[2](#ccd27953-bib-0002){ref-type="ref"}, [15](#ccd27953-bib-0015){ref-type="ref"}, [16](#ccd27953-bib-0016){ref-type="ref"}, [17](#ccd27953-bib-0017){ref-type="ref"}, [18](#ccd27953-bib-0018){ref-type="ref"} and histopathological changes induced by RF‐RDN around the main RA were assessed in several animal studies,[7](#ccd27953-bib-0007){ref-type="ref"}, [19](#ccd27953-bib-0019){ref-type="ref"}, [20](#ccd27953-bib-0020){ref-type="ref"}, [21](#ccd27953-bib-0021){ref-type="ref"}, [22](#ccd27953-bib-0022){ref-type="ref"}, [23](#ccd27953-bib-0023){ref-type="ref"}, [24](#ccd27953-bib-0024){ref-type="ref"} However, the safety of RF‐RDN on the branch RA remains unclear. As the diameter of the branch RA is smaller than that of the main RA, there is a potential risk of disruption or stenosis. Moreover, as branch RA are located adjacent to the kidney, there is a risk of renal damage and impairment of renal function. As prior animal studies of branch RF‐RDN were largely focused on its efficacy, the safety of RF‐RDN on the branch RA has not been fully investigated.[7](#ccd27953-bib-0007){ref-type="ref"}, [11](#ccd27953-bib-0011){ref-type="ref"} Thus, the aim of the present study was to investigate the safety of RF‐RDN on branch RA in a porcine model at 7, 30, and 90 days.

2. METHODS {#ccd27953-sec-0007}
==========

2.1. RDN system {#ccd27953-sec-0008}
---------------

The IberisBloom RDN system (Terumo Corporation, Tokyo, Japan) used in the present study consists of a helical multi‐electrode catheter and a multi‐channel generator, as previously described.[25](#ccd27953-bib-0025){ref-type="ref"} The generator delivers RF (with 6 W for 60 sec) to selected electrodes simultaneously. The IberisBloom system has an automatic algorithm that decreases output power by 1 W in the channel when the corresponding electrode temperature is ≥70°C for 1 sec.

2.2. Animals {#ccd27953-sec-0009}
------------

All animal procedures were approved by the Institutional Animal Care and Use Committee before study conduct. Table [1](#ccd27953-tbl-0001){ref-type="table"} summarizes the study design. A total of 16 female Yorkshire crossbred swine (55.8--68.4 kg) were randomly allocated to four groups: an untreated group, and RF treated groups with 7‐, 30‐, and 90‐day time points. All animals received aspirin (325 mg/os) daily from day 0 until the scheduled necropsy. Blood was collected at day 0 and the terminal day to measure serum creatinine concentration. RAs of 12 animals were treated bilaterally with the IberisBloom system at day 0. Anticoagulation during the catheterization was achieved with intravenous heparin to maintain the activated clotting time at ≥250 sec. A 7F introducer sheath was placed by percutaneous cannulation of the femoral artery, and a 6F guide catheter was advanced to approach the RAs. Intra‐arterial nitroglycerin (200 μg) was administered before angiography. Following quantitative vessel analysis (QVA), branch and main RA with diameters of 3--8 mm were treated. Treatment in the branch RA was limited to the outside of the renal parenchyma (hilum) as observed on fluoroscopy, following the protocol from recent clinical studies including branch RA treatment.[4](#ccd27953-bib-0004){ref-type="ref"}, [8](#ccd27953-bib-0008){ref-type="ref"}

###### 

Assessment parameters in each group

  Group                                    Untreated group   Treated group           
  ---------------------------------------- ----------------- --------------- ------- -------
  No. of animals (no. of arteries)         4 (8)             4 (8)           4 (8)   4 (8)
  0 day                                                                              
  Angiography (QVA)                                          X               X       X
  Biophysical parameters during ablation                     X               X       X
  Serum creatinine                         X                 X               X       X
  Follow‐up day                                                                      
  Angiography (QVA)                                          X               X       X
  Renal tissue norepinephrine              X                 X               X       X
  Serum creatinine                         X                 X               X       X
  Gross pathology and histopathology                         X               X       X

Abbreviation: QVA, quantitative vessel analysis.

X indicates collection of data in the group.

At termination, treated animals underwent follow‐up renal angiography after nitroglycerin administration (200 μg intra‐arterial). A midline laparotomy was performed under general anesthesia in all animals to gain access to the kidneys. Samples of renal cortical tissues were removed from six sites (cranial, middle, and caudal area of the dorsal and ventral aspects of the kidney) per kidney for bioanalysis of norepinephrine concentration. A gross necropsy was performed on animals immediately following euthanasia. After perfusion fixation, RAs with surrounding tissues were harvested *en bloc* and immersed in 10% neutral‐buffered formalin.

2.3. Histopathology {#ccd27953-sec-0010}
-------------------

Histological sections were produced at 3‐ to 5‐mm intervals of the treated RA with surrounding tissues, as previously described,[26](#ccd27953-bib-0026){ref-type="ref"} and stained with hematoxylin--eosin and elastica Masson\'s trichrome. Endothelialization of the RA was circumferentially evaluated: 0 = endothelial coverage \<25% of vessel circumference, 1 = endothelial coverage 25--50% of vessel circumference, 2 = endothelial coverage 51--75% of vessel circumference, 3 = endothelial coverage 76--95% of vessel circumference, and 4 = endothelial coverage \>95% of vessel circumference. Inflammation was evaluated: 0 = no inflammation to minimal interspersed inflammatory cells anywhere in the relevant vessel compartment, 1 = mild peripheral inflammatory infiltration or focally moderate in \<25% of the relevant vessel compartment, 2 = moderate peripheral inflammatory infiltration or focally marked in 25--50% of the relevant vessel compartment, and 3 = heavy peripheral inflammatory infiltration or focally marked in \>50% of the relevant vessel compartment. Media thinning was evaluated: 0 = normal, 1 = minimal thinning of the media compared with adjacent intact levels (media thickness \> 50% of normal), 2 = more pronounced segmental thinning of the media (media thickness \< 50% of normal thickness with no tearing or laceration), and 3 = widespread marked thinning of the media (\<25% of normal thickness). Media hyalinization/hypocellularity and fibrosis were circumferentially evaluated: 0 = not present, 1 = minimal (\<1/3 of vessel circumference), 2 = mild (\>1/3 and \< 2/3 of vessel circumference), and 3 = moderate (\>2/3 of vessel circumference). Any histopathological changes in surrounding tissues were evaluated: 0 = no change, 1 = present, but minimal feature, 2 = notable feature not effacing pre‐existing tissue elements or limited to a small tissue area, and 3 = overwhelming feature involving large tissue areas. Lesion depth was measured with an ocular micrometer from the arterial lumen to that of the deepest damage.

2.4. Biophysical parameters {#ccd27953-sec-0011}
---------------------------

The generator automatically measured biophysical parameters (output power, impedance, and electrode temperature) in real time during delivery of RF, as previously described.[25](#ccd27953-bib-0025){ref-type="ref"} Relative impedance reduction (%) was calculated as 100 × (baseline impedance − terminal impedance) / baseline impedance. These parameters were documented per ablation. To analyze differences in the biophysical parameters between the main and branch RA, the located segment of each ablation was classified into main or branch RA based on angiographic appearance of the corresponding electrodes position. Among a total of 187 ablations, 14 ablations were excluded from the analysis as the corresponding electrodes may have been located in a bifurcation, and thus may have not been apposed well to the arterial wall.

2.5. Renal norepinephrine concentration {#ccd27953-sec-0012}
---------------------------------------

Renal cortical tissue samples were immediately frozen by liquid nitrogen and stored at −80°C until bioanalysis. The tissue was homogenized, and the homogenate then analyzed by liquid chromatography with tandem mass spectrometry. Concentrations from each of the six sites from each kidney were then used to calculate the average per kidney.

2.6. Statistical analysis {#ccd27953-sec-0013}
-------------------------

Data are presented as mean ± standard deviation. QVA and histopathological data were compared by unpaired *t* test between the main and branch RA. Renal norepinephrine concentration for each treated group was compared with those from the untreated group using the Dunnet test. A one‐way analysis of variance [(anova)]{.smallcaps} was used to examine differences in serum creatinine change from baseline to terminal across the groups. All statistical analyses were performed with statistical software (GraphPad Prism 7; GraphPad Software, San Diego, CA, USA). A *P*‐value \<0.05 was considered to indicate statistical significance.

3. RESULTS {#ccd27953-sec-0014}
==========

3.1. In‐life observations, serum chemistry, and necropsy {#ccd27953-sec-0015}
--------------------------------------------------------

All animals survived until scheduled necropsy without any abnormalities caused by the RDN, as determined by daily clinical observation. There were no significant differences in serum creatinine change from baseline to terminal between the groups (0.0 ± 0.1 mg/dL in the untreated group, 0.0 ± 0.2, 0.3 ± 0.2, and 0.2 ± 0.3 mg/dL at 7, 30, and 90 days, respectively, in the treated groups; *P* = 0.15 for all). For gross necropsy, all tissues were normal with the exception of one incidental renal cyst, which is a common spontaneous lesion observed in swine (incidence 6.3%).[27](#ccd27953-bib-0027){ref-type="ref"}

3.2. Procedural and angiographic outcomes {#ccd27953-sec-0016}
-----------------------------------------

The mean baseline lumen diameter of the branch RA was significantly smaller than those of the main RA (Figure [1](#ccd27953-fig-0001){ref-type="fig"}). The number of ablations per animal was 14.8 ± 2.6 in the 7‐day group, 14.5 ± 2.4 in the 30‐day group, and 17.5 ± 4.8 in the 90‐day group. While luminal irregularities known as "notches" were frequently observed just after treatment, no angiographic abnormalities were observed in the main or branch RA at 7, 30, and 90 days after treatment (Figure [2](#ccd27953-fig-0002){ref-type="fig"}). QVA indicated that the late lumen loss and diameter stenosis were minimal in the main and branch RA at 7, 30, and 90 days (Figure [1](#ccd27953-fig-0001){ref-type="fig"}).

![Baseline lumen diameter (A) of the main and branch RAs in each group. Late lumen loss (B) and percent diameter stenosis (C) based on follow‐up QVA at each time point. Baseline lumen diameter of the main RA was larger than that of the branch RA at all‐time points. Late lumen loss and diameter stenosis were overall minimal at all‐time points. Although there were statistically significant differences between the main and branch RA at 90 days, they were minimal and of minor clinical significance](CCD-93-494-g001){#ccd27953-fig-0001}

![Representative angiographic images of treated RA at pre‐ablation, post‐ablation, and follow‐up (7, 30, and 90 days). Immediately after RF ablation, multiple notches led to luminal irregularity, while no other abnormalities such as dissection or perforation were found. Follow‐up angiography indicated disappearance of the luminal irregularity and no stenotic signs](CCD-93-494-g002){#ccd27953-fig-0002}

3.3. Histopathology {#ccd27953-sec-0017}
-------------------

Treated arterial lumens were almost completely covered by endothelial cells at 7 days, and completely covered at 30 and 90 days, in both the main and branch RA (Table [2](#ccd27953-tbl-0002){ref-type="table"}, Figure [3](#ccd27953-fig-0003){ref-type="fig"}). The treated media was hyalinized and thinned with smooth muscle cell loss at 7 days, while treated media showed fibrosis instead of hyalinization and thinning at 30 and 90 days (Table [2](#ccd27953-tbl-0002){ref-type="table"}, Figure [3](#ccd27953-fig-0003){ref-type="fig"}). Neointima, which formed over the healed treated media, was minimal at all time points (Figure [3](#ccd27953-fig-0003){ref-type="fig"}). Medial damage and minimal neointimal formation were common to the main and branch RA, and no augmentation was found in the branch RA compared with the main RA. Damage in surrounding tissues including the kidneys, ureters, lymph nodes, and muscles were none or minimal at all time points in both the main and branch RA, while mild necrosis/inflammation was noted in adipose tissues at 7 days (Table [2](#ccd27953-tbl-0002){ref-type="table"}). At 7 days, minimal focal necrosis was observed in the edge of the kidney adjacent to a treated branch RA in one of eight kidneys (Figure [4](#ccd27953-fig-0004){ref-type="fig"}A), although the damaged area was small (approximately 1.7 × 0.8 mm). No kidney necrosis was found at 30 and 90 days. At 90 days, a remnant of earlier kidney damage was identified as minimal and focal fibrosis in the edge of one of eight kidneys (approximately 1.5 × 0.3 mm, Figure [4](#ccd27953-fig-0004){ref-type="fig"}B). The renal parenchyma (renal tubules and glomeruli) was normal beneath the fibrosis area.

###### 

Histopathological data in main and branch RA at each time point

  Time point                                         7 days        30 days       90 days                                                                           
  -------------------------------------------------- ------------- ------------- ----------- ------------- ------------- ------------- ------------- ------------- -------------
  RA                                                                                                                                                               
  Endothelialization (score 0--4)                    3.93 ± 0.10   4.00 ± 0.00   0.08        4.00 ± 0.00   4.00 ± 0.00   ...           4.00 ± 0.00   4.00 ± 0.00   ...
  Inflammation (score 0--3)                          0.00 ± 0.00   0.00 ± 0.00   ...         0.00 ± 0.00   0.00 ± 0.00   ...           0.00 ± 0.00   0.00 ± 0.00   ...
  Media thinning (score 0--3)                        0.53 ± 0.27   0.13 ± 0.15   **0.003**   0.10 ± 0.19   0.00 ± 0.00   0.15          0.00 ± 0.00   0.00 ± 0.00   ...
  Media hyalinization/hypocellularity (score 0--3)   0.55 ± 0.17   0.17 ± 0.23   **0.003**   0.18 ± 0.19   0.03 ± 0.07   **0.050**     0.00 ± 0.00   0.00 ± 0.00   ...
  Media fibrosis (score 0--3)                        0.06 ± 0.12   0.00 ± 0.00   0.15        0.91 ± 0.35   0.13 ± 0.16   **\<0.001**   0.87 ± 0.28   0.20 ± 0.10   **\<0.001**
  Surrounding tissues (score 0--3)                                                                                                                                 
  Adipose tissue necrosis/inflammation               0.70 ± 0.21   0.19 ± 0.17   **0.001**   0.06 ± 0.08   0.00 ± 0.00   0.07          0.00 ± 0.00   0.00 ± 0.00   ...
  Kidney necrosis                                    0.00 ± 0.00   0.03 ± 0.07   0.33        0.00 ± 0.00   0.00 ± 0.00   ...           0.00 ± 0.00   0.00 ± 0.00   ...
  Ureter necrosis                                    0.00 ± 0.00   0.00 ± 0.00   ...         0.00 ± 0.00   0.00 ± 0.00   ...           0.00 ± 0.00   0.00 ± 0.00   ...
  Lymph node necrosis                                0.00 ± 0.00   0.00 ± 0.00   ...         0.00 ± 0.00   0.00 ± 0.00   ...           0.00 ± 0.00   0.00 ± 0.00   ...
  Muscle necrosis                                    0.06 ± 0.12   0.02 ± 0.05   0.33        0.00 ± 0.00   0.00 ± 0.00   ...           0.00 ± 0.00   0.00 ± 0.00   ...
  Lesion depth (mm)                                  3.78 ± 1.75   2.98 ± 1.23   0.39        3.15 ± 1.36   1.80 ± 0.60   0.09          2.09 ± 0.94   1.58 ± 0.51   0.20

Data are presented as mean ± standard deviation. *P* values were calculated with an unpaired *t* test.

![Representative histopathological images of the treated main and branch RA at 7, 30, and 90 days. The images in the second‐ and fourth‐row panels are magnified images of the boxed area in the first‐ and third‐row panels, respectively. At 7 days, treated media was hyalinized (red‐stained without smooth muscle cells) and thinned. At 30 and 90 days, treated media showed fibrosis (blue‐stained fibers between cells). Thickness of the neointima (indicated as "N"), which was formed on the internal elastic lamina (dark‐purple‐stained fiber), was minimal at all time points. These histopathological changes were common to both the main and branch RA. Elastica Masson\'s trichrome staining. Scale bars: 1 mm (the first‐ and third‐row panels; 40 μm (the second‐ and fourth‐row panels) \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](CCD-93-494-g003){#ccd27953-fig-0003}

![A, The most severe kidney damage at 7 days. Panel A2 is a magnified image of the boxed area in panel A1. Dotted line in panel A1 indicates a borderline of ablated area. There was only a focal area of damage on the edge of the kidney parenchyma, with necrosis of the renal tubules, hemorrhage, infiltration of mononuclear cells, and mineralization. B, Remnant of kidney damage at 90 days. Panel B2 and B3 are magnified images of the boxed area in B1. The focal edge of the kidney showed fibrosis (blue‐stained area in panel B2) and infiltration of mononuclear cells (arrowheads in panel B2 and B3). RA indicates lumen of the RA; Ki, kidney. Hematoxylin and eosin staining (A1, A2, B3) and elastica Masson\'s trichrome staining (B1, B2). Scale: 3 mm (A1, B1); 200 μm (A2, B2, B3) \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](CCD-93-494-g004){#ccd27953-fig-0004}

3.4. Biophysical parameters {#ccd27953-sec-0018}
---------------------------

The biophysical parameters are summarized in Table [3](#ccd27953-tbl-0003){ref-type="table"}. Terminal output power in the branch RA (3.7 W) was significantly lower than that in the main RA (4.4 W), indicating that an automatic decrease in the output power from 6.0 W (set value) was activated more frequently in the branch RA than in the main RA. However, terminal electrode temperature was equivalent in the main RA (64.2°C) and the branch RA (66.2°C). Baseline impedance, terminal impedance, and impedance reduction during ablation were higher in the branch RA than in the main RA.

###### 

Biophysical parameters of ablation in main and branch RA

                                                Main         Branch       *P* value
  --------------------------------------------- ------------ ------------ --------------
  Number of ablations                           119          54           
  Output power at ablation termination (watt)   4.4 ± 1.2    3.7 ± 1.3    **0.0005**
  Terminal electrode temperature (°C)           64.2 ± 6.8   66.2 ± 7.9   0.09
  Baseline impedance (Ω)                        202 ± 15     216 ± 18     **\<0.0001**
  Terminal impedance (Ω)                        182 ± 13     191 ± 14     **\<0.0001**
  Impedance reduction during ablation (%)       10.0 ± 2.9   11.2 ± 4.3   **0.0285**

Data are presented as mean ± SD. *P* values were calculated with an unpaired *t* test.

Bold text indicates statistical significance (P\<0.05).

3.5. Renal norepinephrine concentration {#ccd27953-sec-0019}
---------------------------------------

Compared with the renal norepinephrine concentration in the untreated group (204.1 ± 38.7 ng/g), renal norepinephrine concentration in the treated groups was significantly reduced to 49.5 ± 37.5 ng/g at 7 days (*P* \< 0.001), 50.4 ± 33.1 ng/g at 30 days (*P* \< 0.001), and 121.5 ± 61.2 ng/g at 90 days (*P* = 0.002).

4. DISCUSSION {#ccd27953-sec-0020}
=============

We demonstrated that RF‐RDN on branch RA was safe by comparing angiographic and histopathological parameters between the main and branch RA from 7 days (subacute time point) to 90 days (chronic time point) in a porcine model. Despite the smaller diameters of the branch RA and the anatomical proximity of the branch RA to the kidney, there was no evidence of stenosis, and only negligible kidney damage, at any time point following branch treatment, as confirmed by angiography, histopathology, and serum creatinine measurement. Recent clinical trials showed a significant blood pressure‐lowering effect of RDN on branch RA.[8](#ccd27953-bib-0008){ref-type="ref"}, [9](#ccd27953-bib-0009){ref-type="ref"}, [12](#ccd27953-bib-0012){ref-type="ref"}, [13](#ccd27953-bib-0013){ref-type="ref"} However, the long‐term safety of branch treatment has not been fully examined in clinical trials. To predict the risk of branch treatment in the clinical setting, we followed the clinical procedural protocol whereby treatment is limited to arterial segments outside of the renal parenchyma.[4](#ccd27953-bib-0004){ref-type="ref"}, [8](#ccd27953-bib-0008){ref-type="ref"}

4.1. Effects of branch treatment on RAs {#ccd27953-sec-0021}
---------------------------------------

Histopathological changes after RF‐RDN on the main RA were previously reported in porcine models.[20](#ccd27953-bib-0020){ref-type="ref"}, [21](#ccd27953-bib-0021){ref-type="ref"}, [22](#ccd27953-bib-0022){ref-type="ref"}, [28](#ccd27953-bib-0028){ref-type="ref"} In support of previous data,[22](#ccd27953-bib-0022){ref-type="ref"} we found that endothelial cells covered the treated luminal surface almost completely at 7 days in both the main and branch RA. Sakakura et al. reported that medial thinning and hypocellularity (loss of smooth muscle cells) in the main RA were most evident at 7 days, and then resolved at later time points (30, 60, and 180 days).[22](#ccd27953-bib-0022){ref-type="ref"} Rippy et al.[28](#ccd27953-bib-0028){ref-type="ref"} also described healing of medial damage (evident as fibrosis) at 6 months after RF‐RDN on the main RA. In this study, the chronological transition of RF‐induced medial damage in both the main and branch RA was consistent with that reported in earlier porcine studies in the main RA. The study by Rippy et al. also reported minimal neointimal thickening composed of several cell layers at 6 months after RF‐RDN.[28](#ccd27953-bib-0028){ref-type="ref"} Similarly, in the present study the neointimal thickness was minimal (several cell layers at most) in the both main and branch RA at all time points, and there was no evidence of stenosis at any level. Our QVA results also showed minimal late lumen loss and percent diameter stenosis in both the main and branch RA at all time points. Therefore, branch treatment would be unlikely to increase the risk of stenosis compared with treatment on main RA in the clinical settings. Nevertheless, we should note that new occurrence of severe stenosis has been clinically reported after RF‐RDN on main RA,[29](#ccd27953-bib-0029){ref-type="ref"}, [30](#ccd27953-bib-0030){ref-type="ref"}, [31](#ccd27953-bib-0031){ref-type="ref"} while the occurrence rate was considerably low in large‐scale studies (0 of 364 and 1 of 998 patients at 6 months after treatment in the SYMPLICITY HTN‐3 trial[32](#ccd27953-bib-0032){ref-type="ref"} and the Global SYMPLICITY registry[15](#ccd27953-bib-0015){ref-type="ref"} respectively).

4.2. Effects of branch treatment on the kidney and surrounding tissues {#ccd27953-sec-0022}
----------------------------------------------------------------------

Branch treatment caused necrosis in one of eight kidneys at 7 days, although the damaged area was small and limited to the focal edge of the kidney. At 90 days, a focal damaged area was found at the edge of the kidney and identified by fibrosis, a sign of healing, in one of eight kidneys. No elevation of serum creatinine was observed in any treated groups, indicating that renal function was unaffected. Therefore, occasional kidney damage by branch treatment may be negligible, as long as RF treatments are limited to the outside of the kidney under fluoroscopy. Adipose tissue necrosis/inflammation, which was previously reported in RF‐RDN on the main RA,[20](#ccd27953-bib-0020){ref-type="ref"} was mainly found at 7 days in the present study. This change was not augmented in the branch RA compared with the main RA, suggesting no increased risk of branch treatment. Lesion depth was greatest at 7 days, and then reduced at later time points (because of healing) in both the main and branch RA, similar to that previously reported in RF‐RDN on the main RA.[22](#ccd27953-bib-0022){ref-type="ref"} Lesion depth was also lower in the branch RA than that in main RA at all time points. Although the underlying mechanism remains unclear, this finding is consistent with a previous porcine study using another RF‐delivering device, the Symplicity Spyral.[19](#ccd27953-bib-0019){ref-type="ref"}

4.3. Biophysical parameters {#ccd27953-sec-0023}
---------------------------

Electrode temperature is determined by the balance of heat gain diffusing from tissues and heat loss by blood flow.[33](#ccd27953-bib-0033){ref-type="ref"} Blood flow in the branch RA is less than that in the main RA because of the smaller vessel diameter, resulting in a more rapid elevation of electrode temperature in the branch RA during RF delivery. Thus, branch treatment has the potential to produce excessive heating and subsequent unfavorable arterial damage. However, the present study showed that electrode temperature in the branch RA (66.2°C) was equivalent to that in main RA (64.2°C), and there was no increase in histopathological arterial damage in the branch RA. The equivalent electrode temperature was likely a result of the automatic control mechanism of the IberisBloom system, which decreases output power when electrode temperature reaches ≥70°C, as shown by the significantly lower terminal output power in the branch RA compared with the main RA.[25](#ccd27953-bib-0025){ref-type="ref"} However, impedance was higher when the electrode was located in the branch RA than in the main RA. Generally, a higher impedance relates to an increased contact force of an electrode to local tissues.[34](#ccd27953-bib-0034){ref-type="ref"}, [35](#ccd27953-bib-0035){ref-type="ref"} The IberisBloom catheter has a self‐expanding design, which allows the electrodes to be well apposed on the arterial wall in smaller‐diameter vessels, resulting in higher impedance in the branch RA. Therefore, the IberisBloom system maintained ~~a~~ sufficient electrode temperature to induce protein denaturation in tissues, but without excessive heating.

4.4. Renal norepinephrine concentration {#ccd27953-sec-0024}
---------------------------------------

Denervation was successfully achieved in the present study, as shown by a significant reduction of renal norepinephrine concentration in the treated groups compared with the untreated group. However, the reduction of renal norepinephrine concentration was less at 90 days than at 7 and 30 days. This result is in line with previous studies using healthy swine.[24](#ccd27953-bib-0024){ref-type="ref"}, [36](#ccd27953-bib-0036){ref-type="ref"} Although the recovery mechanism has not yet been elucidated, previous animal studies suggest contribution of nerve regeneration.[26](#ccd27953-bib-0026){ref-type="ref"}, [37](#ccd27953-bib-0037){ref-type="ref"} Considering the long‐lasting effects of RDN in humans,[38](#ccd27953-bib-0038){ref-type="ref"} recovery of renal norepinephrine concentration as early as 3 months after RDN seems to be specific to healthy animals.

4.5. Procedural consistency with recent clinical trials {#ccd27953-sec-0025}
-------------------------------------------------------

The average number of ablations per patient varied from 14 to 45.9 among clinical studies which investigated the effect of branch treatment.[8](#ccd27953-bib-0008){ref-type="ref"}, [10](#ccd27953-bib-0010){ref-type="ref"}, [12](#ccd27953-bib-0012){ref-type="ref"}, [13](#ccd27953-bib-0013){ref-type="ref"}, [14](#ccd27953-bib-0014){ref-type="ref"} Even considering the variation in clinical studies, the number of ablations seems to be smaller in the present study (14.5--17.5) compared with the clinical studies. The possible reason for the discrepancy is an anatomical difference between swine and human. The main RA is shorter in swine compared with human,[39](#ccd27953-bib-0039){ref-type="ref"} resulting in a smaller number of ablations in swine. Since, to date, length or diameter of human branch RA have not been systemically investigated, it is still unknown if branch RAs are also anatomically different between swine and human. Such anatomical difference may affect the number of ablations.

Despite the difference in the number of ablations, we followed the same procedural protocol as in SPYRAL HTN‐OFF MED and ON MED trials in how distal segment are treated; the treatment was limited to arteries of 3‐8 mm in diameter and to the outside of the renal parenchyma as observed on fluoroscopy.[4](#ccd27953-bib-0004){ref-type="ref"} This procedural consistency suggests that the most distal branch arterial segment, where the potential risk for stenosis of small‐diameter RA and damages in kidney parenchyma is the highest, were treated in the same manner as in the above clinical trials. Therefore, the present study appropriately assessed safety of branch RF‐RDN.

4.6. Significance of branch treatment {#ccd27953-sec-0026}
-------------------------------------

Several different technologies are used in current RDN devices: RF, ultrasound,[40](#ccd27953-bib-0040){ref-type="ref"}, [41](#ccd27953-bib-0041){ref-type="ref"} and alcohol injection.[42](#ccd27953-bib-0042){ref-type="ref"} The second‐generation RF‐RDN devices (Symplicity Spyral and IberisBloom) allow RF to be applied in branch RA. Meanwhile, current ultrasound‐ and alcohol‐RDN devices are designed for main RA alone. Due to a paucity of direct comparison among different technologies/devices, it is currently uncertain which device/technology is clinically most beneficial. However, considering that patients with short main RA (i.e., early bifurcation) would not be suitable for RDN devices designed exclusively for main RA, it would be meaningful to investigate safety and efficacy of branch treatment with RF‐RDN devices.

4.7. Study limitations {#ccd27953-sec-0027}
----------------------

The present study has some limitations. First, the findings obtained from the normotensive swine may not be applicable to patients with hypertension. However, the normotensive swine is the standard animal model for assessing RDN device safety, because of its anatomical and physiological similarity to humans.[7](#ccd27953-bib-0007){ref-type="ref"}, [19](#ccd27953-bib-0019){ref-type="ref"}, [21](#ccd27953-bib-0021){ref-type="ref"}, [22](#ccd27953-bib-0022){ref-type="ref"}, [23](#ccd27953-bib-0023){ref-type="ref"}, [25](#ccd27953-bib-0025){ref-type="ref"}, [26](#ccd27953-bib-0026){ref-type="ref"}, [28](#ccd27953-bib-0028){ref-type="ref"} Second, because of the small number of animals, adverse findings with a low incidence may have been missed. Further, although the safety profile was comparable between the branch RA and main RA, there is an inherent risk of beta error with a small sample size. Third, the RDN device in the present study was applied in branch RA following the manufacturer\'s instruction, and thus the study result may not be transferrable to other RDN devices which are not indicated for branch RA.

5. CONCLUSIONS {#ccd27953-sec-0028}
==============

RF‐RDN on the branch RA was safe in a porcine model, as shown by no stenotic signs and negligible kidney damage at 7, 30, and 90 days.
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